We experimentally and theoretically demonstrate that the atomic coherence can be completely transferred or arbitrarily contributed among the different levels in a four-level atomic (tripod) scheme by a group of coupled pulse sequences. This technique can be applied to the information conversion in slow-light storage, quantum logical gates, and so on, which is based on the atomic coherence effect. ., but to our knowledge there has been little discussion on the manipulation of the coherence that has existed. In this Letter, we report a method to control the atomic coherence by the STIRAP technique. In Fig.  1(a) , a four-level atomic system is driven by three laser pulses with carrier frequencies of 1 , 2 , and 3 , and Rabi frequencies of ⍀ 1 , ⍀ 2 , and ⍀ 3 , respectively. For simplicity, we suppose that all the populations are in the state ͉1͘ at the initial time, and the exited state has the same spontaneous decay rate of 5 MHz to the different lower states, and we ignore the dephasing rates of three lower states.
Atomic coherence is essential for many effects, such as electromagnetically induced transparency [1, 2] , coherence population trapping, stimulated Raman adiabatic passage (STIRAP) [3] [4] [5] [6] , spontaneous emission control [7] , resonant enhancement of optical nonlinearity [8, 9] , and quantum light storage and erasure [10] [11] [12] [13] . Most reports concentrate on the method of generating or employing atomic coherence, such as the creation of coherent superposition states [14] , quantum logical gates [15] , slow-light storage, etc., but to our knowledge there has been little discussion on the manipulation of the coherence that has existed.
In this Letter, we report a method to control the atomic coherence by the STIRAP technique. In Fig.  1(a) , a four-level atomic system is driven by three laser pulses with carrier frequencies of 1 , 2 , and 3 , and Rabi frequencies of ⍀ 1 , ⍀ 2 , and ⍀ 3 , respectively. For simplicity, we suppose that all the populations are in the state ͉1͘ at the initial time, and the exited state has the same spontaneous decay rate of 5 MHz to the different lower states, and we ignore the dephasing rates of three lower states.
To demonstrate the time evolution process of the atomic coherence, we solve the time-dependent density-matrix equation, and the results are shown in Fig. 2 .
In Fig. 2 , step-1 prepares the coherence by a fractional STIRAP process [16] . The system state vector could be written as ͉␣͘ = cos ͉1͘ − sin ͉2͘, where the mixing angle is defined by the relationship tan = ⍀ 1 / ⍀ 2 .
If the pulses 1 and 2 have the same time back edge, the maximal atomic coherence between ͉1͘ and ͉2͘ is reached. In step-2, we apply a STIRAP process among states ͉2͘, ͉3͘, and ͉4͘; the pulse sequences are shown in the right-hand side of Fig. 2(a1) . By simulation, we find that the component of state ͉2͘ in the state vector ͉␣͘ is fully transferred to state ͉3͘ as shown in the right-hand side of Fig. 2(a2) , and the coherence between ͉1͘ and ͉2͘ is fully transferred to the coherence between ͉1͘ and ͉3͘, as shown in Fig. 2(a3) . Because the states ͉2͘ and ͉3͘ are not coupled with state ͉4͘ in the STIRAP process, it does not arouse the stimulated emission [17, 18] from state ͉4͘ to ͉1͘ when the pulse 2 is applied.
Next we will show how to control the coherence distribution as shown in Fig. 2(b) . By calculation, we can see that the coherence amplitude in Fig. 2 (b) step-1 is
Here, we set tan = ⍀ 2 / ⍀ 3 . The coherence amplitudes in the step-2 of Fig. 2 (b) are
Here, we set the pulse 2 with the same peak intensity in two steps, which is easily realized in experiment. From Eqs. (1) and (2), we find that the atomic coherence is determined by the mixing angles and , which can be controlled by choosing different intensities of the input pulses. In step-1, the back edge of input pulses 1 and 2 have the same shape functions but different amplitudes, and the ratio of ⍀ 1 and ⍀ 2 is constant during the time evolution process. In step-2, the ratios of the input pulse Rabi frequencies are also constant. Ignoring the dephasing rates of the lower states, the coherence will maintain constant when the pulses vanish. From Eqs. (1) and (2), we can regard the coherence variation process in step-2 as a coherence amplitude rotational process of step-1. The value of ͉ 12 2 + 13 2 ͉ 1/2 in step-2 just has the same value of ͉ 12 ͉ in step-1. By controlling the input pulses intensity and shape, we can prepare arbitrary coherence distribution between states ͉1͘ and ͉2͘ and ͉1͘ and ͉3͘, which is limited by ͉ 12 2 + 13 2 ͉ 1/2 ഛ 0.5 only. For example, in Figs. 2(b1)-2(b3), the coherence prepared between states ͉1͘ and ͉2͘, ͉1͘ and ͉3͘, and ͉2͘ and ͉3͘ are the same by controlling the pulse intensity and shape in the two steps.
The above method could be expanded to an N-level system every time we choose two lower levels that couple with a common exited state by two pulses. By choosing the pulse sequences and shapes we can realize the coherence transfer and contribution in an N-level system.
We 87 Rb. We choose the sublevels 5S 1/2 ͉F =1,m =−1͘, 5S 1/2 ͉F =2,m =−1͘, 5S 1/2 ͉F =2,m =−1͘, and 5P 1/2 ͉FЈ =1,m =0͘ as the states ͉1͘, ͉2͘, ͉3͘, and ͉4͘, respectively. The pulses 1 and 2 have the same circular polarization ͑ + ͒, and the pulse 3 has the opposite circular polarization ͑ − ͒. We detect the coherence by observing coherent Raman scattering signal; if there is coherence between the states ͉1͘ and ͉3͘, when the read pulse 1 couples the states ͉1͘-͉4͘, the coherence between ͉3͘ and ͉4͘ will be induced. From Maxwell's equations, the coherence between ͉3͘ and ͉4͘ will induce a stimulated signal, and the coherence along the direction of the signal propagation will have the same value, which will ensure that the signal is enhanced continually.
The experiment process consists of the following three steps as shown in Fig. 3(a) :
Step-0 prepares most atoms in the ground state 5S 1/2 ͉F =1͘ by an optical pumping process.
Step-1 prepares the coherence. In this step, the pulse duration of 1 is 70 ns, and that of 2 is 160 ns.
Step-2 is the coherence transfer and read process. In step-2, the pulse duration of 2 is 30 ns, which is adjustable, and that of the pulse 3 is 60 ns, which is fixed. When the back edge of the pulse 2 crosses with the front edge of the pulse 3 and the STIRAP condition is fulfilled, the coherence between ͉1͘ and ͉2͘ is transferred to the coherence between ͉1͘ and ͉3͘. In this step we call the pulses 2 and 3 the transfer pulses. After this process, one more pulse 1 with 40 ns duration is used as the read pulse; if the atomic coherence transfer is realized, a − polarized coherent Raman scattering signal will be observed. The time delay between step-2 and the reading pulse is about 200 ns.
Step-1 can also create the coherence between 5S 1/2 ͉F =1,m =0͘ and 5S 1/2 ͉F =2,m =0͘, and the first half of transfer pulse 3 can be considered as a read pulse to this coherence. As a result, the coherence is transferred to a signal with frequency 1 and − polarizations, and the pulse 3 and the generated pulse will create a adiabatic passage, which causes most populations go to 5S 1/2 ͉F =1,m =0͘; a few populations go to other sublevels by fluorescence loss from 5P 1/2 ͉FЈ =1,m =−1͘. The populations do not affect the major conclusion of the experiment. Limited by the paper length, the related details will be given in our future work.
The experimental arrangement is illustrated in Fig. 3(b) . Both ECDL1 and ECDL2 are the DL-100 external-cavity diode lasers with linearly polarized output beams. Laser from ECDL1 is used as 1 , and that from ECDL2 as 2 and 3 . The applied cw laser powers of these three beams passing through the cell are 6.4 mW, 3.2 mW, and 3.2 mW, respectively, and the beam diameters are about 0.1 mm. The beams pass through three acousto-optic modulators (AOMs) respectively driven by pulses with adjustable duration and delay (the rise time of the AOM is about 16 ns). The P1, P2 wave plates make the beams 1 and 2 have opposite circular polarization with beam 3, and the P1 wave plate in beam 1 is movable. The focus length of L1 and L2 are 30 cm. Atomic Rb vapor is contained in a 3.5 cm long and 2.5 cm diameter glass cell, and the temperature is about 90°C, corresponding to atomic density of 10 12 cm −3 . In the experiment, we first need create the coherence between ͉1͘ and ͉2͘, but since the pulses 1 and 2 have the same polarization, it cannot be separated by PBS. P1 is removed at beginning, which will make the two pulses have opposite polarization. We adjust the sequences of these two pulses to look for the maximal coherence point where the optimal + signal will be observed with the read pulse 1 . The transfer pulse is turned on, and the + signal will disappear as shown in Fig. 4(a) . It means the coherence has been transferred or disappears. P1 is put back, and a − signal will be observed with the read pulse 1 . Changing the time delay of the transfer pulse 2 to destroy the STIRAP condition, the signal will disappear as shown in Figs. 4(b) and 4(c) . Although the phenomenon is observed through two different sublevels systems, it still can prove that the coherence have been transferred. The sublevels are symmetrical; if the − polarization 1 induces the coherence between 5S 1/2 ͉F =1,m =1͘ and 5S 1/2 ͉F =2,m =−1͘, the + polarization 1 could induce the coherence between ͉1͘ and ͉2͘. There is no mechanism to create the coherence between ͉1͘ and ͉3͘ except the coherence transfer from ͉1͘-͉2͘ to ͉1͘-͉3͘.
In short, we have demonstrated the atomic groundstate coherence control and transfer process. This method shows potential application in the frequency conversion of slow-light storage, generation of superposition states, quantum logical gates, and so on.
